Purpose: To report a novel 3D-printed device ("SH phantom") that is designed for routine accuracy check of the Gamma Knife Icon High Definition Motion Management (HDMM) system. Methods: SH phantom was designed using tinkerCAD software and printed on a commercial 3D printer. We evaluated the SH phantom on our Gamma Knife Icon unit regarding its usability and accuracy for routine HDMM QA.
| INTRODUCTION
In early 2016, the first LekSell Gamma Knife Icon unit (Elekta AB, Stockholm, Sweden) in North America was accepted and commissioned for clinical operation at our institution. Gamma Knife Icon offers a new thermoplastic mask-based frame-less treatment option, which can be fractionated if desired. In a typical mask treatment, Gamma Knife Icon uses an infrared camera and reflector system called High Definition Motion Management (HDMM) to monitor patient's intra-fraction motion. Treatment would be paused if the HDMM detected reflector position was drifting outside of a threshold value (1.5 mm by system default) continuously for more than 2 s. [1] [2] [3] Gamma Knife Icon HDMM has a very high accuracy of 0.1 mm or better in ideal conditions, and 0.15 mm when including disturbance factors such as couch movement and HDMM mount vibrations. 1, 4, 5 Quantitative quality assurance (QA) of HDMM is essential for proper functioning of the system and is required by California Radiological Health Branch. 6 However, currently there is no convenient HDMM QA phantom or tool available, either from the manufacturer or third party vendors. In this work, we designed, manufactured, and tested a simple physics phantom to address this issue.
| METHOD AND MATERIALS
Our phantom is named "SH phantom" (short for Sutter HDMM phantom). It consists of 5 physical parts: the base, the reflector stand, and three thin slice inserts ( Figs. 1 and 2 ).
The SH phantom is designed to be placed on the HDMM head cushion without the thermoplastic mask. Better immobilization would be achieved by having a heavy base, but this would result in an increased material cost. We decided that a base measuring 140 9 140 9 120 mm provided a good compromise.
The top cutout is used to hold the reflector stand (Fig. 2, left) .
The bottom cutout (instead of a flat bottom) is designed to help immobilize the base of the phantom to the head cushion.
The shallow disk cutout in the reflector stand (top, Fig. 2 ) helps users properly place a HDMM reflector on the phantom and also to protect it from being damaged during the QA process, when the stand is moved around by hand.
The reflector stand has a cross section of 60 mm 9 60 mm, which is 2 mm smaller in both directions than the top cutout in base (62 mm 9 62 mm). Theoretically, a 2-mm thick insert would fit perfectly in this 2-mm gap -however, due to 3D printer accuracy and material properties, neither the gap nor the thickness of the inserts were exactly 2 mm. To find the best fit, a series of inserts with different thicknesses were printed and tested. The optimal thickness that proved to be reproducible was 1.7 mm.
All 3D design of the phantom was carried out using a CAD freeware (http://www.tinkercad.com). The design was saved in "stl" file format for subsequent 3D printing. to take measurements on 3D-printed parts. These measurements constitute the expected shift values in Table 1 .
A total of four users (physicists) participated in the SH phantom data collection for the proposed QA procedure. In a typical QA session, a user would insert specific thin slice insert(s) to create a shift, record the shift from the HDMM screen before and after the insertion, then subtract the two values to obtain the measured shift. Each data point was taken with five measurements.
| RESULTS AND DISCUSSION
Single-axis measurement results (Table 1) show that by using the SH phantom, an overall QA accuracy level of 0.2 mm or better can be expected, with the best accuracy in anterior-posterior direction and worst in the superior-inferior direction. The difference between accuracies along different axes might be related to the fact that it can be more difficult to manually and consistently insert a slice and create shifts in the superior-inferior or lateral directions.
Gamma Knife Icon HDMM system reports only the composite shift value on screen, thus alignment of the phantom with respect to the Gamma Knife is not of great importance. When the SH phantom was immobilized using the cushion during QA (Fig. 3) , it did not need to be aligned perfectly along the stereotactic axis. For example, in figure) are identical measuring 59 9 65 9 1.7 (thickness) mm, and the other one (yellow in bottom figure) measures 50 9 50 9 1.0 (thickness) mm. The raised edge design on the green inserts aids users to insert or remove them by hand during a QA measurement.
orthogonal vectors addition can be taken. Overall, an accuracy of 0.32 mm was found for our composite shift measurements, which is less accurate comparing to single-axis measurement (Table 1) . This may be due to the fact that more chance of introducing human setup error when manually making composite shifts.
Inter-users variation, as well as standard deviation from all users (Table 1) were computed and found to be on the order of 0.2 mm.
This indicates that the SH phantom design and implementation is valid to common clinical QA practice.
The SH phantom does meet the regulatory requirements for performing a quantitative check of the HDMM system on a monthly basis, as specified by state of California. 
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